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INTRODUCTION 

In  the present work, the r e a c t i v i t y  and s e l e c t i v i t y  o f  var ious t-phosphine 
r h o d i m  complex hydroformylat ion c a t a l y s t s  are c o r r e l a t e d  w i t h  t h e i r  s t ruc tu res .  Such 
a study i s  of p a r t i c u l a r  i n t e r e s t  a t  t h i s  t ime  because t h e r e  has been a r a p i d  com- 
merc ia l  development i n  t h i s  area du r ing  t h e  l a s t  10 years and because t h e  s t r u c t u r e  of 
t he  c a t a l y s t  complexes can now be wel l  cha rac te r i zed  by nuc lear  magnetic resonance 
spectroscopy (NMR) under simulated hydroformyl a t i o n  condi t ions.  

Known t r iphenylphosphine r h o d i m  carbonyl hydr ide and novel, more stab1 e 
a l ky ld ipheny l  phosphine r h o d i m  carbonyl hyd r ide  complexes were p a r t i c u l a r l y  i n v e s t i -  
gated i n  t h i s  study. The c a t a l y s t  behavior o f  var ious a lky ld iphenylphosphine rhodium 
carbonyl hydrides was s tud ied  as a f u n c t i o n  o f  s u b s t i t u t i o n  and branching o f  t h e  a l k y l  
groups. As a r e s u l t  o f  t h i s  work rhodium complexes o f  a lky ld iphenylphosphine were 
recognized as p o t e n t i a l l y  h i g h l y  a t t r a c t i v e  c a t a l y s t  candidates o f  increased s t a b i l i t y  
f o r  continuous hydroformylat ion. 

It should be r e c a l l e d  t h a t  t he  t r iphenylphosphine r h o d i m  carbonyl hydr ide 
(Ph3P complex) c a t a l y s t  system was discovered by Professor Wilkinson and coworkers i n  
t h e  l a t e  1960's as a l o w  pressure, l o w  temperature c a t a l y s t  f o r  t h e  s e l e c t i v e  hydro- 
fo rmy la t i on  o f  1 -o le f i ns  t o  produce n-aldehydes (1). P r u e t t  and Smith a t  Union Carbide 
Carp., and the Wilkinson group a t  Imper ia l  College found i n  the  same pe r iod  t h a t  t h e  
s e l e c t i v i t y  o f  Wi lk inson 's  c a t a l y s t  t o  n-aldehydes was g r e a t l y  increased by t h e  
a d d i t i o n  o f  excess Ph3P l igand,  espec ia l l y  a t  low CO p a r t i a l  pressures(2). The d i s -  
covery o f  these e f f e c t s  resu l ted  i n  t h e  commercial development by Union Carbide and 
Davy McKee o f  a low pressure propylene hydroformylat ion process based on a c a t a l y s t  
system con ta in ing  the  t r is -phosphine complex and excess t r iphenylphosphine 1 igand 

The 
gaseous propylene, H and reactants  are cont inuously  in t roduced i n t o  a we l l  s t i r r e d  
s o l u t i o n  o f  the c a t a f y s t  w h i l e  a vapor m ix tu re  o f  unreacted reac tan ts  and products  i s  
be ing f lashed off (F igure 1). The r a t i o  o f  normal versus iso-butyra ldehyde products  i n  
such an operat ion i s  high, i n  excess of ten. For an e f f e c t i v e  removal o f  h igh b o i l i n g  
aldehyde products i n  such a process, increased reac t i on  temperatures a re  obv ious l y  
advantageous. 

We have p rev ious l y  repor ted on our work r e l a t i n g  t o  t h e  mechanisms o f  tri- 
phenylphosphine r h o d i m  complex cata lyzed hydroformylat ions (6,7,8). We pos tu la ted  
t h a t ,  i n  s e l e c t i v e  I - n - o l e f i n  hydroformylat ion t o  n-aldehydes, t he  t r i s - ( t r i p h e n y l -  
phosphine) r h o d i m  carbonyl hydr ide complex i s  t h e  s t a b l e  precursor  o f  t he  r e a c t i v e  
t r a n s - b i s  phosphine species. This pos tu la te  i s  based on c o r r e l a t i n g  the  data on 
e q u i l i b r i a  among var ious PhjP-Rh complexes w i t h  hydroformylat ion r a t e s  and selec- 
t i v i  t i e s .  

The s t r u c t u r e s  of t he  var ious PhjP-Rh complexes and t h e i r  e q u i l i b r i a  were 
determined v ia  NMR i n  the  presence of vary ing amounts of excess Ph3P and under d i f -  
f e r e n t  CO p a r t i a l  pressures. Studies of hydroformyl a t i o n  c a t a l y s i s  were c a r r i e d  out  
main ly  us ing 1-butene as a reactant  f o r  t h e  s e l e c t i v e  product ion o f  n-valeraldehyde a t  
temperatures i n  excess o f  100°C. 

I n  the  present  work, t he  c a t a l y t i c  and s t r u c t u r a l  s tud ies  were extended t o  
var ious tris-(alkyldiphenylphosphine) r h o d i m  carbonyl hyd r ide  complexes and r e l a t e d  
c a t a l y s t s  (Ph2PR complexes). The Prev ious ly  descr ibed experimental methods were used 

(3.4,5). 
The commercial rhodium hydroformyl a t i o n  process operates a t  about 100°C. 
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( 6 ) .  Although t h e  use o f  these c a t a l y s t s  was found t o  r e q u i r e  h ighe r  temperatures than 
t h a t  o f  the Ph3P complex c a t a l y s t s ,  h igh  s e l e c t i v i t i e s  toward valeraldehydes, p a r t i -  
c u l a r l y  t he  n-isomer, could be mainta ined coupled w i t h  an increase i n  c a t a l y s t  sta- 
b i l i t y .  I n  t h i s  presentation, 
c o r r e l a t i o n s  o f  c a t a l y s t  s t r u c t u r e  and a c t i v i t y  a re  emphasized. 

Using 1-butene ins tead  o f  propylene i n  t h i s  l a h o r a t o r y  a l lowed an add i t i ona l  
i n s i g h t  i n t o  t h e  r e a c t i o n  mechanism s ince  i somer i za t i on  s ide  reac t i ons  producing 2- 
butenes could be a l so  r e a d i l y  s tud ied :  

D e t a i l s  o f  t h e  work a re  descr ibed i n  Exxon pa ten ts  (9). 

CO/H CH3CH2CH2CH2CH0 (n-) t CH3CH2CH(CH3) CHO ( i - )  

CH3CH=CHCH3 ( c i s -  8 t r ans - )  t CH~CHZCH~CH~ -% 
CH3CH2CH=CH2 -- - -2- 

H2 

In  con t ras t  t o  the  voluminous, p r i o r  patent  l i t e r a t u r e ,  t h e  present batch hydrofor- 
my la t i on  s tud ies  inc luded n o t  on l y  t h e  determinat ion o f  t h e  normal t o  i s 0  ( n / i )  r a t i o  
o f  t h e  aldehyde products but t h e  p a r a f f i n  hydrogenation and i n t e r n a l  o l e f i n  isomeri- 
z a t i o n  by-products as well .  A l i m i t e d  study o f  continuous hydroformylat ion,  v ia  a 
continuous product f l a s h - o f f  operat ion,  was a l s o  made. 

RFSULTS AND DISIIJSSION 

In con t ras t  t o  Ph3P. complexes, Ph PR complexes were genera l l y  n o t  considered 
f o r  hydroformylat ion ca ta l ys l s .  For  exarnp?e, propyl diphenyl phosphine, a Ph3P degra- 
da t i on  product dur ing continuous propylene hydroformylat ion,  was main ly  regarded as a 
c a t a l y s t  m o d i f i e r  r a t h e r  than as a c a t a l y s t  l i g a n d  on i t s  own (10-12). In t h e  present 
work, the s t r u c t u r e  and c a t a l y t i c  a c t i v i t y  o f  Ph2PR complexes was s tud ied  i n  d e t a i l  and 
compared w i t h  those o f  t h e  corresponding Ph3P complexes. 

Most o f  t h e  Ph PR s tud ies  t o  be discussed were c a r r i e d  out w i t h  
Ph2PyH2CH2C(CH3)3 and Ph2Pdi CH2Si (CH ) 3  hecause they r e a d i l y  prov ided c r y s t a l l i n e  
rhodium carbonyl hydr ide comp?exes. d e n  an excess o f  these l i gands  was reacted w i th  
e thano l i c  s o l u t i o n s  o f  rhodium d icarhonyl  acety l  acetonate and then hydrogen a t  ambient 
temperature , the  corresponding t r i s -phosph ine  complexes were formed a s  pure 
c r y s t a l l i n e  p r e c i p i t a t e s .  The f o l l o w i n g  o v e r a l l  r e a c t i o n  took p lace 

3 Ph2PR + Acac Rh(CO), + H2 - (Ph2PR)3Rh(CO)H t Acactl t rO 

The same r e a c t i o n  occurred when o t h e r  a l k y l  diphenyl phosphines were used. However, most 
o f  t h e  products separated as o i l s .  

Most of t he  a l ky ld ipheny l  phosphine reac tan ts  used were prepared i n  our 
laboratory .  The p re fe r red  displacement approach t o  these compounds invo lved  the re- 
a c t i o n  o f  l i t h i u n  diphenylphosphide w i t h  t h e  approp r ia te  a l k y l  c h l o r i d e s  i n  te t rahydro-  
furan, e.g. 

Ph2PLi t C l  CH2CH2C(CH3)3 - Ph2PCH2CH2C(CH3)3 

The a d d i t i o n  approach u t i l i z e d  t h e  f r e e  r a d i c a l  cha in  a d d i t i o n  o f  d iphenyl  phosphine t o  
t h e  corresponding o l e f i n s .  The a d d i t i o n s  were i n i t i t a t e d  by i r r a d i a t i o n  w i t h  broad 
s p e c t r m  u l t r a v i o l e t  1 i g h t  and p r e f e r a b l y  employed a c t i v a t e d  o l e f i n i c  reac tan ts  a t  a 
r e a c t i o n  temperature o f  about 15', e.g. 

PhZPH t CH2=CHSi( CH3)3 - Ph2PCH2CH2Si( CH3)3 

On changing t h e  s t r u c t u r e  o f  t he  a l k y l  group o f  t h e  Ph2PR l igands,  major 
changes i n  c a t a l y s t  a c t i v i t y  were observed, p r i m a r i l y  due t o  s t e r i c  crowding. Ster ic  
crowding a f f e c t e d  t h e  s t r u c t u r e  and s t a b i l i t y  o f  t he  Ph7PR complexes formed. The 
s t r u c t u r e  of t h e  c a t a l y s t  complexes, i n  tu rn ,  determined r e a l t i v i t y  and s e l e c t i v i t y .  

A1 1 t h e  f i nd ings  i n c l u d i n g  hydrocarbon by-product formation, could be corre- 
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l a t e d  w i t h  changing e q u i l i b r i a  between the c a t a l y s t  complexes present i n  hyd ro fo r -  . 
mylat ion systems and w i t h  the  s t e r i c  and e l e c t r o n i c  e f f e c t s  o f  l i gands  On such e q u i l i -  
b r i a .  These e q u i l i b r i a  and t h e  c r i t i c a l  r e a c t i o n  steps are shown by t h e  o u t l i n e  of an 
o v e r a l l  mechanist ic scheme i n  Figure 2. 

According t o  the f igure,  c o o r d i n a t i v e l y  sa tu ra ted  a l ky ld ia ry lphosph ine  
r h o d i m  complexes o f  vary ing carbonylat ion degrees are the  main components of such 
hydroformylat ion c a t a l y s t  systems. Upon r e v e r s i b l e  d i ssoc ia t i on ,  these un reac t i ve  

i n  turn,  w i t h  CO and H2 t o  prov ide the normal and i s 0  aldehyde products, w i t h  t h e  re- 
generation o f  t he  ca ta l ys t .  

I 
1 complexes generate c o o r d i n a t i v e l y  unsaturated species which r e a c t  w i t h  t h e  o l e f i n  and 

I 

1. Studies o f  Cata lyst  Complex S t ruc tu res  and E q u i l i b r i a  by NMR 

I n  comparative NMR s tud ies,  f i r s t  t h e  s t r u c t u r e  and s t a b i l i t y  o f  Ph PR and 
Ph3P complexes were compared. Di f ferences i n  t h e  behavior o f  s p e c i f i c  Ph2PR j i g a n d s  
were a lso s tud ied t o  asce r ta in  e l e c t r o n i c  and s t e r i c  i n f l uences  of s u b s t i t u t i n g  t h e  R 
a1 k y l  groups. 

Ligand exchange s tud ies  o f  t he  t r i s - P h  P complex u s i n g  s t e r i c a l l y  non-crowded 
Ph2PR reactants  genera l l y  showed subs tan t i a l  reac\ion : 

I 
(Ph3P)3Rh(CO)H t 3 Ph2PR - (PhzPR)3Rh(CO)H t 3 Ph3P 

' - .  
! The more bas ic  Ph2PR l i g a n d  formed a more s t a b l e  complex than Ph P. 

temperature range was about 3. 
Ligand exchange between complexed and f r e e  phosphine 1 igands a l s o  occurred, 

took place v ia  coo rd ina t i ve l y  unsaturated t r a n s - b i  s-phosphine r h o d i m  carbonyl hyd r ide  
in termediates : 

I n  t h e  above re-  
1 act ion,  t he  r a t i o  o f  complexed Ph2PCH2CH2C(CH3)3 t o  complexed Ph3b i n  the  -60 t o  + 35' 

> i n  a r e v e r s i b l e  manner, when the re  was on ly  one phosphine present. Such an exchange 

D issoc ia t i on  

As soc i a t  i on 
(PhZPR)3Rh(CO)H f n PhZPR - (PhZPR)zRh(CO)H t (n+l)PhZPR 

Since the e q u i l i b r i a  s t rong ly  favor  the c o o r d i n a t i v e l y  sa tu ra ted  t r i s -phosph ine  com- 
plexes, only the  NMR spectra o f  these species could be detected. However, t he  r a t e  o f  
l i g a n d  d i s s o c i a t i o n  could be determined by l i n e  shape 

The q u a l i t a t i v e  aspects o f  the comparative '?P NMR l i g a n d  exchange s tud ies  o f  
e Ph2PCH2CH2C(CH3)3, Ph3P and Ph2PCH2CH Si(CH )3 complex systems a re  i n d i c a t e d  by the  

"P spectra i n  Figures 3a and b. A t  -f?O°C, $he t y p i c a l  doublet  s ignal  o f  t h e  t r i s -  
phosphine complexes p lus s i n g l e t  s igna ls  o f  t h e  f r e e  phosphines were observed f o r  a l l  
t h r e e  systems. However, t h e  doublet  s igna l  o f  t h e  Ph2PR t y p e  complexes remained sharp 
a t  35" w h i l e  t h e  Ph3P complex e x h i b i t e d  a broad doublet. S i m i l a r l y ,  t h e  Ph2PR complex 
s t i l l  showed a very broad doublet  a t  60' where t h e  doublet  o f  t h e  Ph P complex had 
a l ready col lapsed. Fur ther  increases i n  the  l i g a n d  exchange rates,  3resul ted i n  a 
s i n g l e  composite s igna ls  for t h e  Ph3P and Ph2PR systems a t  90' and 120'. respec t i ve l y .  

Clear ly  h igher  temperatures i n  the  Ph PR complex systems were necessary t o  
reach l i g a n d  exchange r a t e s  comparable t o  t h a t  o f  t h e  Ph3P complex. Since t h e  increase 
i n  l i gand  exchange r a t e  p a r a l l e l s  t h a t  o f  complex d i s s o c i a t i o n  t o  y i e l d  c o o r d i n a t i v e l y  
unsaturated species, these data i n d i c a t e  t h a t  i n  t h e  PhZPR complex systems a comparable 
generat ion o f  such r e a c t i v e  species occurs a t  h ighe r  temperatures. This suggests t h a t  
t o  achieve comparable hydroformyl a t i o n  rates,  h ighe r  temperatures a re  needed when com- 
plexes of Ph2PR are used i n  place of Ph3P. On t h e  o t h e r  hand, a t  t he  h igher  tempera- 
tu res ,  t h e  PhePR complexes a re  more s t a b l e  than t h e  Ph3P complex. 

I n  view o f  recent  suggestions. o f  a p o t e n t i a l  CO d i s s o c i a t i o n  from t h e  t r i s -  
Ph3P complex t o  generate hydr ide species l ead ing  t o  n-aldehyde products (13, 14), 
l i g a n d  exchange was a l so  s tud ied  by 13C NMR. For these s tud ies.  13cO enr iched t r i s -  

a l yses  o f  t h e  s ignals .  
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phosphine complexes were used. Such complexes could be r e a d i l y  de r '  ed by r e a c t i n g  the 
corresponding te t rak is-phosphine r h o d i m  hydr ide complexes w i t h  "13 a t  atmospheric 
pressure. For example, t h e  f o l l o w i n g  sequence o f  reac t i ons  was ca r r i ed  out  w i th  
Ph2PCH$HzC( CH3)3 and Ph2PCH2CH2Si (CH3)3 : 

Na BH4 1 3 ~ 0  
4 Ph2PR + RhC13 - (Ph2PR)4RhH (Ph2PR )3Rh (' 3CO)H 

The f i r s t  r e a c t i o n  t o  form t h e  te t rak is-phosphine r h o d i m  hyd r ide  was c a r r i e d  ou t  i n  10 
minutes i n  r e f l u x i n g  ethanol  s o l u t i o n  i n  a manner repor ted f&r t he  Ph3P d e r i v a t i v e  
( ! 5 ) .  CO a t  room temperature 
e i t h e r  i n  to luene s o l u t i o n  or e t  no1 suspension. 

Va r iab le  temperature "C NMR s tud ies  o f  t r i s -phosph ine  monocarbonyl hyd r ide  
complexes are i l l u s t r a t e d  by F igu re  4. The spect ra i n d i c a t e  t h a t  a t  -30", t h e  
cdmplex has t h e  expected s t ruc tu re .  The double qua r te t  s igna ls  o f  t h e  complexed "2'0 
show coupl ing t o  one rhodium and t h r e e  phosphine l igands. A t  increased temperatures up 
t o  l l O ° C ,  t h i s  s igna l  o f  t h e  Ph3P complex co l lapsed i n t o  doublets. That was the  con- 
I5quence o f  t h e  exchange o f  t h e  phosphine l i g  s. 

However, f r e e  '%O cou ld  be detected I n  t h i s  system a t  
14OOC when f r e  

The f3C0 NMR s tud ies  show t h a t  t he  CO l i g a n d  o f  these t r is -phosphine mono- 
carbonyl hydr ide complexes i s  ve ry  s t r o n g l y  bound. Dur ing hydroformylat ion,  carbonyl 
f ree  phosphine rhodi  um hydr ide compl exes are n o t  present, except under non-equi 1 i b r i  um 
CO s ta rva t i on  condi t ions.  The main reac t i on  i n  these systems i s  always phosphine 
r a t h e r  than CO dissoc iat ion.  Proton NMR s tud ies  o f  t he  hyd r ide  reg ion o f  t e t r a k i s -  
phosphine rhodium hydr ides were known(l6). The d i s s o c i a t i o n  d-toluene s o l u t i o n s  o f  
t h r e e  te t rak is-phosphine rhodium hyd r ldes  was s tud ied  by jlP NMR l i g a n d  exchange 
methods i n  t h e  presence o f  excess phosphine l i gands  i n  t h e  present work. 

The r e s u l t i n g  c r y s t a l l i n e  hyd r ide  could be reac ted  w i t h  

Rhodium coup l i ng  remained s ince no 
CO d i s s o c i a t i o n  occurred. 

t r i p h e n y l  phosphine l i g a n d  was used as the  so l ven t  (P/Rh = 260). 

(R3P)4RhH + 5R3P (R3P)3RhH + 6 R3P 

R3P = Ph3P. Ph2PCH2CH2C( CH3)3 and Ph2PCH2CH2Si( CH3)3 

I n  general, i t was found t h a t  s i g n i f i c a n t  l i g a n d  exchange o f  these hydr ides occurred a t  
much lower temperatures than those observed f o r  t h e  corresponding carbonyl hydrides. 
The doublet s igna l  of t he  te t rak is- t r iphenylphosphine r h o d i m  hyd r ide  co l lapsed a -30' 
w h i l e  the corresponding Ph2PR complexes gave broad s i n g l e t  s igna ls  f o r  complexed ' l P  a t  
about + 20". Thus i t  was found PhZPR l i gands  are more s t rong ly  complexed than Ph3P i n  
carbonyl f r e e  rhodium hydr ides as wel l .  

The increase i n  hydrogenation and i somer i za t i on  s ide  reac t i ons  d u r i n g  1- 
butene hydroformylat ion under 0 s t a r v a t i o n  cond f t fons  can be expla ined by t h e  f o r -  
mat ion of carbonyl f ree r h o d i m  hyd r ide  complexes. Tetrakis-tr lphenylphosphine rhodium 
hyd r ide  i s  a known hydrogenation c a t a l y s t  (16). I n  t h e  present  work, i t  was found t o  
be an e f fec t i ve  1-butene i somer i za t i on  c a t a l y s t  even a t  0'. I t s  l o w  temperature 
c a t a l y t i c  a c t i v i t y  i s  a t t r i b u t e d  t o  i t s  f a c i l e  d i s s o c i a t i o n  t o  prov ide t h e  co r res -  
ponding h igh l y  r e a c t i v e  t r i s -phosph ine  r h o d i m  hydride. 

A t  increased CO p a r t i a l  pressure, t r i s -phosph ine  rhodium carbonyl hydr ides 
are converted t o  the  corresponding t rans -b i  s-phosphine dicarhonyl hydr ides v i  a t h e  
f o l  1 owing equi 1 i b r i  um r e a c t i o n s  : 

(R3P)3Rh(CO)H -L (R3P)pRh(CO)H C- (R3P)pRh(C0)2H 
R3P CO 

R3P = Ph3P, Ph2PCH2CH2C(CH3)3, Ph2PCH2CH2Si ( CH3)3 

Complexes of P S P  and Ph2PR t y p e  l i gands  showed s i m i l a r  e q u i l i b r i a  between mono- and 
d i ca rbony l  hydr ide complexes. 
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Increased concentrat ions o f  excess phosphine l i g a n d  e f f e c t i v e l y  reduced t h e  
amount o f  dicarbonyl hydr ide formed. This i s  i l l u s t r a t e d  by F igure 5. The f i g u r e  
shows t h a t ,  i n  t h e  absence o f  a s i g n i f i c a n t  excess o f  t h e  Ph PR t ype  l igand,  conversion 
t o  the  dicarbonyl hydr ide i s  e s s e n t i a l l y  complete under about 200 kPa pressure o f  1 t o  
1 H2/C0. However, a t  a f i v e - f o l d  excess o f  Ph PR (P/Rh r a t i o  o f  15/1) t he  r a t i o  o f  
d icarbonyl  t o  monocarbonyl complex i s  on l y  about f t o  3. 

In the  case o f  bis-phosphine d icarbonyl  hyd r ide  complexes, t h e  r e l a t i v e  d i s -  
s o c i a t i o n  ra tes  o f  phosphine and carbonyl l i gands  were a l s o  s tud ied  by NMR: 

CO t (Ph3P)pRh(M))H =(Ph3P)2Rh(C0)2H S Ph3PRh(C0)2H t Ph3P 

A 1% s o l u t i o n  o f  t he  bis-Ph P complex p lus excess Ph P t o  p rov ide  a P@I r a t i o  o f  9 
were used f o r  t he  study. h i s  s o l u t i o n  was prepared under 400kpa H2/ CO pressure, 
from t h e  tetrakis-Ph3P complex which was l a r g e l y  converted t o  t h e  des i red  bis-phosphine 
r h o d i m  dicarbonyl hydride. Var iab le temperature NW s tud ies  i n d i c a t e d  r e v e r s i b l e  CO 
and phosphine l i g a n d  d i ssoc ia t i on .  

ctrum o f  t he  r e s u l t i n g  s o l u t i o n  
showed the expec d double t r i p l e t  f o r  t he  complexed "C0 l i g a n d  as we l l  as t h e  s i n g l e t  
s igna l  o f  f r e e  "CO. A t  t 35O, the  fir$ s t r u c t u r e  o f  t he  complexed CO disappeared. 
Also, t he  s igna ls  of complexed and f r e e  considerably  broadened as a consequence o f  
CO exchange. A t  90°C. only one, broad '%O s igna l  was obta ined due t o  f u r t h e r  i n -  
creased l i g a n d  exchange rates.  

S im i la r  v a r i a b l e  temperature 31P NMR s tud ies  showed r e v e r s i b l e  phosphine 
l i g a n d  d i ssoc ia t i on .  However, a f r e e  versus bound Ph3P r a t i o  much below t h e  expected 
va lue was found a t  low temperature. This suggests t h e  presence o f  u n i d e n t i f i e d  rhodium 
complex species undergoing r a p i d  l i g a n d  exchange. 

When 1 - o l e f i n s  are hydroformylated under c o n d i t i o n s  where t h e  d icarbonyl  
hydr ide predominates i n  the  above t ype  of system, t h e  n / i  r a t i o  o f  aldehyde products  i s  
g r e a t l y  decreased but  s t i l l  remains above two. It i s  be l i eved  t h a t  most o f  t h e  e- 
maining preference o f  such c a t a l y s t  systems f o r  producing n-aldehydes i s  due t o  "CO 
d i s s o c i a t i o n  t o  prov ide t h e  trans-bis-phosphine monocarbonyl hyd r ide  i n te rmed ia te  o f  
1 i near h yd ro f o rmyl a t  i on. 

The e l e c t r o n i c  e f f e c t s  on the  p r o p e r t i e s  o f  tris-Ph2PR r h o d i m  carbonyl 
hydr ide c a t a l y s t  complexes were s tud ied by s u b s t i t u t i n g  groups o f  va ry ing  e l e c t r o -  
p h i l i c i t y  on the  6-carbons of t h e  a l k y l  groups o f  t h e i r  l i g a n d  The b a s i c i t i e s  o f  
some of these l i gands  of general formula Ph2PCH2CH2R' and t h e i r  "P NMR parameters o f  
t h e i r  complexes a r e  shown by Table I. 

The data o f  t h e  t a b l e  i n d i c a t e  t h a t  by app rop r ia te  e lec t ronega t i ve  6- 
subs t i t uen ts  the  proton b a s i c i t y  o f  aqueous a lky ld iphenylphosphines was reduced t o  t h e  
l e v e l  o f  tr iphenylphosphine. However, no apparent c o r r e l a t i o n  could be observed be- 
tween t h e  ,inverse b a s i c i t y  values, MNP's, and t h e  NMR parameters. b s t  o f  t h e  
Ph2PCH2CH2R complexes shaved l i t t l e  change of t h e i r  chemical s h i f t  and coup l i ng  con- 
s t a n t  values. Also, a l l  t h e  Ph2PCH CH R l i gands  d i sp laced  Ph3P from i t s  complex. Thus 
t h e  observed b a s i c i t y  was n o t  a majo?r f a c t o r  i n  t h e  NMR data. 

In view o f  t h e  above study, t h e  d i f f e rence  between the  s t e r i c a l l y  non- 
h indered a l ky ld ia ry lphosph ine  and t r iphenylphosphine complexes i s  apparent ly  a t t r i b u t e d  
t o  minor d i f f e rences  i n  t h e i r  n-backbonding a b i l i t y  and s t e r i c  hindrance. 

S t e r i c  hindrance was found t o  have a major  e f f e c t  on the  s t r u c t u r e  o f  the 
complexes formed when a- and 6- branched a lky ld iphenylphosphine 1 igands were used. 
These e f f e c t s  were f i r s t  s tud ied by determing t h e  degree of Ph3P l i g a n d  displacement 
w i t h  such Ph2PR l i gands  as i n d i c a t e d  by t h e  f o l l o w i n g  s i m p l i f i e d  scheme 

As i t  i s  shown by .Figure 6, t he  1 3 C  NMR s 

(PhjP)jRh(CO)H + 6 Ph3PR (Ph2PR)3Rh(CO)H t 3Ph3P t 3Ph2PR 

In  t h e  case o f  t he  monomethyl branched l i gands ,  such as i sobu ty l - ,  secondary b u t y l -  and 
cyc lohexy l -  diphenylphosphines, p a r t i a l  displacement occurred. The r a t i o  o f  bound 
Ph2PR t o  Ph3P was about 3 t o  2. However, 8, 6- and a,a-dimethyl branched l i g a n d s  such 
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as neopentyl- and t -bu ty l -d ipheny l  phosphines were n o t  ab le  t o  d i sp lace  any of the 

Displacement o f  Ph P by the  above s t e r i c a l l y  hindered phosphine l i gands  could 
be enhanced under about 400 $pa H2 /m pressure. This pressure r e s u l t s  i n  the  format ion 
o f  major  amounts o f  the b i s - t r i pheny lphosph ine  rhodium d icarbonyl  hyd r ide  complex. The 
l a t t e r ,  i n  tu rn ,  was found t o  be more subject  t o  displacement by t h e  s t e r i c a l l y  de- 
manding phosphine l i gands :  

Ph3P. 

(Ph3P)ZRh(C0)2H + 6Ph2PR + Ph3P v ( P h 2 P R ) 2 4 h ( C 0 ) 2 H  + 4Ph2PR + 3Ph3P 

Thus, a t  e q u i l i b r i u m  the  mixtures con ta in ing  monosubsti tuted l i gands  showed t h e  d i s -  
placement o f  about 8m o f  the  Ph3P from t h e  d icarbonyl  complex. However, t h e r e  was 
s t i l l  no n o t i c a b l e  displacement by the  neopentyl and t - b u t y l  de r i va t i ves .  

The above i n h i b i t i t i o n  o f  l i g a n d  displacement i s  c l e a r l y  due t o  s t e r i c  
e f fec ts .  E l e c t r o n i c  e f f e c t s  would r e s u l t  i n  increased l i g a n d  displacement s ince these 
branched a l ky ld ipheny l  phosphine l i gands  have h igher  b a s i c i t i e s  than t h e i r  s t r a i g h t  
cha in  isomers. 

Another e f f e c t  o f  s t e r i c  crowding i s  on the  d i s s o c i a t i o n  r a t e  o f  t he  com- 
plexes formed. This i s  i l l u s t r a t e d  by the  example o f  t r iphenylphosphine p l u s  i s o b u t y l -  
diphenylphosphine rhodiun complex c a t a l y s t  system i n  F igure 7. The -30°C spectrum o f  
t h i s  system shows t h a t  both l i g a n d s  p a r t i c i p a t e  i n  t h e  complex format ion t o  form f o u r  
d i f f e r e n t  t r i s -phosph ine  complexes. However, no d i s t i n c t  phosphorus s igna ls  o f  these 
complexes can be observed a t  ambient temperature. Only a broad phosphorus s ignal  i s  
observed i n  t h e  complex region. T h i s  i n d i c a t e s  a h igh  l i g a n d  exchange r a t e  a t  a r e -  
l a t i v e l y  low temperature. This i s  c l e a r l y  t h e  consequence o f  increased phosphine d i s -  
s o c i a t i o n  due t o  s t e r i c  decompression: 

[Ph2PCH2CH(CH3)2]3Rh(CO)H - [Ph2PCH2CH(CH3)2?2Rh( CO)H + Ph2PCH2CH(CH3)2 

The increased d i s s o c i a t i o n  r a t e  t o  prov ide r e a c t i v e  c o o r d i n a t i v e l y  
unsaturated complex species r e s u l t s  i n  increased c a t a l y t i c  a c t i v i t y .  However, s t e r i c  
crowding a l so  r e s u l t s  i n  a reduced r a t i o  of monocarbonyl hydr ide versus d icarbonyl  
hyd r ide  complexes, i.e. reduced n / i  r a t i o  o f  products. 

2. Hydroformylat ion Process Studies 

The main aim o f  t h e  present  1-butene hydroformylat ion s tud ies  was t o  
determine the e f f e c t  o f  t he  s t r u c t u r e  o f  phosphine-rhodim complex c a t a l y s t s  on 
a c t i v i t y ,  s e l e c t i v i t y  and s t a b i l i t y .  The we l l  known Ph P complex c a t a l y s t  system which 
we s tud ied  p rev ious l y (6 )  was a c a t a l y s t  p r i m a r i l y  used ?or comparison i n  t h i s  work. As 
a Ph PCH2CH2R' t ype  a l ky ld ia ry lphosph ine  1 igand, 2 - t r i m e t h y l s i l y l  e thy ld iphenylphosphine 
(SEPf, was s tud ied i n  d e t a i l .  

I n  t h e  f o l l o w i n g  a t  f i r s t ,  t he  Ph3P and SEP based r h o d i m  complex 
hydroformylat ion c a t a l y s t  systems w i l l  be compared a t  d i f f e r e n t  temperatures and excess 
phosphine concentrat ions. Thereafter, t h e  d e t a i l e d  s t r u c t u r a l  e f f e c t s  o f  var ious Ph2PR 
l i gands  w i l l  be discussed w i t h  emphasis on s t e r i c  crowding. The c a t a l y t i c  r e s u l t s  w i l l  
be c o r r e l a t e d  w i t h  t h e  s t r u c t u r a l  f i n d i n g s  o f  t h e  NMR studies. 

The e f f e c t  o f  temperature on t h e  Ph3P and SEP complex c a t a l y s t  systems i s  
shown i n  Table 11. Most o f  t he  batch experiments were c a r r i e d  out  a t  a one mola l  
phosphine l i gand  concen t ra t i on  t o  ma in ta in  t h e  s e l e c t i v i t y  and s t a b i l i t y  o f  t h e  
c a t a l y s t  a t  increased temperatures. The r e s u l t s  show t h a t ,  a t  comparable temperatures, 
t he  t r i a ry lphosph ine  complex i s  always more a c t i v e  than t h e  a l ky ld ia ry lphosph ine  
complex. However, t h e  a c t i v i t y  and s e l e c t i v i t y  o f  t h e  l a t t e r  i s  b e t t e r  mainta ined 
p a r t i c u l a r l y  a t  h ighe r  temperatures. 

A t  the r e l a t i v e l y  low temperature o f  110', a lower n / i  aldehyde product  r a t i o  
i s  obta ined w i th  t h e  SEP complex. However, t h e r e  i s  no s i g n i f i c a n t  d i f f e rence  between 
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t h e  h igher  n / i  values of t h e  two systems a t  145". I n  t h e  135 t o  160' range, t h e  use of 
t he  SEP complex leads t o  a h igher  t o t a l  (n+ i )  aldehyde s e l e c t i v i t y .  This i s  main ly  due 
t o  the  reduced butene-1 t o  butene-2 i somer i za t i on  s i d e  reac t i ons  i n  t h e  presence o f  t h e  
more bas ic  SEP l igand.  The top  temperature o f  160' has genera l l y  l e s s  adverse e f f e c t  
on t h e  s e l e c t i v i t y  o f  t h e  SEP complex system. 

The e f f e c t  o f  i nc reas ing  concentrat ions o f  t he  SEP and Ph3P l i gands  a t  145' 
i s  shown i n  Table 111. This increase i n  bo th  systems r e s u l t e d  i n  a decreased a c t i v i t y  
but  increased n / i  aldehyde S e l e c t i v i t y .  A t  h igh  l i g a n d  concentrat ions,  t h e  n / i  values 
depended on the  phosphine concentrat ion ra the r  than on t h e  P/Rh ra t i o .  When these 
phosphines were used as t h e  on ly  solvents, t he  n / i  r a t i o s  reached maximum values bu t  
t h e  s e l e c t i v i t i e s  t o  t o t a l  aldehyde products  decreased. 

The SEP and Ph P r h o d i m  complex c a t a l y s t  systems were a l so  compared i n  
continuous 1-butene hydro?orrnylation, ope ra t i ng  v i a  product f l a s h - o f f  (PFO) from t h e  

Table IV.  
I n  the  f i r s t  t h r e e  experiments, t he  SEP system was operated a t  120' w h i l e  t h e  

Ph3P system was running a t  looo.  M s t  impor tan t l y  t he  r e s u l t s  i n d i c a t e  t h a t  t h e  
increased temperature o f  t he  SEP-Rh system i s  h i g h l y  advantageous f o r  ach iev ing  h ighe r  
butene conversions w i thou t  i nc reas ing  t h e  s t r i p p i n g  gas rate. A t  t he  lower  temperature 
o f  t h e  Ph3P-Rh system, a h ighe r  conversion opera t i on  was not  f e a s i b l e  under these con- ' d i t i o n s  because o f  t he  l i m i t e d  product f l a s h - o f f  c a p a b i l i t y  due t o  vapor l i q u i d  
e q u i l i b r i a .  It i s  noted t h a t  t h e  s e l e c t i v i t i e s  o f  t h e  two systems a re  s im i la r .  

In the  o the r  th ree  experiments, t h e  s t a b i l i t y  o f  t he  SEP and Ph P based 

conversion i n  the  case o f  t h e  Ph3P system dropped from 82 t o  65% d u r i n g  t h e  t e s t  
per iod.  About 1/2% per  day o f  t he  Ph3P l i g a n d  was converted t o  buty ld iphenylphosphine 
v i a  o r tho -meta la t i on ( l0 ) .  No s i m i l a r  degradation o f  t h e  SEP l i g a n d  was observed. In 
add i t i on ,  as shown by t h e  t a b l e ,  t h e  s e l e c t i v i t y  o f  t h e  SEP complex system was somewhat 
h ighe r  and d i d  no t  change s i g n i f i c a n t l y  when a m ix tu re  o f  1- and 2-butenes was used i n  
place o f  the pure 1-butene feed. (The 2-butene i s  apparen t l y  o f  very low r e a c t i v i t y  
under these cond i t i ons ) .  

I n  more d e t a i l e d  PFO process s tud ies  o f  t h e  SEP-Rh c a t a l y s t  system a t  120°, 
complete maintenance f o r  30 days o f  both hydroformylat ion a c t i v i t y  and s e l e c t i v i t y  was 
establ ished. I n  these s tud ies,  t he  n / i  r a t i o s  o f  the valeraldehyde products were 
c o r r e l a t e d  w i t h  the  excess phosphine l i g a n d  concentrat ion and CO p a r t i a l  pressure. As 

1 was expected on t h e  bas i s  o f  t he  NMR s tud ies  o f  c a t a l y s t  s t ruc tu res ,  t h e  n / i  r a t i o  was 
d i r e c t l y  dependent on t h e  [SEP] and i n v e r s e l y  dependent on t h e  pC0. 

The c a t a l y t i c  p r o p e r t i e s  o f  a h igh  number o f  a lky ld iphenylphosphine r h o d i m  
complexes were s tud ied i n  batch experiments. Comparative r e s u l t s  obta ined w i t h  
complexes o f  l i gands  o f  t h e  formula Ph PCH CH R '  and Ph P a r e  shown by Table V. 

The r e s u l t s  show t h a t ,  Zt $he2 1M p h o 4 h i n e  concentrat ions,  a l l  t he  
Ph2PCH2CH2R' complexes a re  h i g h l y  s e l e c t i v e  c a t a l y s t s  f o r  hydroformyl a t i o n  a t  145'. 
They prov ide aldehyde products having n / i  r a t i o s  i n  t h e  8.9-18.9 range. I n  general,  
t h e i r  product l i n e a r i t y  i s  s i m i l a r  t o  t h a t  o f  t h e  Ph3P system (n / i  = 11.2). The t o t a l  
aldehyde s e l e c t i v i t y  o f  t h e  Ph PR complex c a t a l y s t  i s  higher. Thei r  n + i aldehyde 
s e l e c t i v i t y  i s  i n  t h e  86.9 t o  61.8% range w h i l e  t h e  corresponding n t i value o f  the 

' Ph P system i s  81.2. However, as expected on t h e  b a s i s  o f  t he  NMR l i g a n d  d i s s o c i a t i o n  
ra?es, t h e  Ph3P system i s  more than t w i c e  as act ive.  

The a c t i v i t y  and s e l e c t i v i t y  of a l l  these c a t a l y s t s  i s  h i g h l y  dependent on 
t h e  excess phosphine l i g a n d  concentrat ion. When t h e  phosphine l i g a n d  concen t ra t i on  was 
dropped t o  0.14 M, t h e  r e a c t i o n  r a t e  u s u a l l y  increased about f o u r f o l d  and t h e  n / i  r a t i o  
o f  t he  aldehyde products decreased t o  about a h a l f  of t h e  prev ious value. O f  course, 
these e f f e c t s  are expected on t h e  bas is  of t h e  c a t a l y t i c  mechanisms suggested by t h e  
NMR studies. 

No d e f i n i t e  c o r r e l a t i o n  could be found between t h e  b a s i c i t y  o f  t he  
Ph2PtH2CH2R' 1 igands and t h e  c a t a l y t i c  p r o p e r t i e s  of t h e i r  rhodium complexes. Overal l  

\ 

1 reac t i on  mixture (F igure 1). The r e a c t i o n  cond i t i ons  and data obta ined a re  shown by 

\ 

/ r h o d i m  c a t a l y s t  systems was compared i n  a s i x  day continuous PFO opera t i on  a$ 145OC. , The hutene conversion achieved w i t h  the  SEP system showed l e s s  than 10% change. The 

, 

, 
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the d i f ferences among these complexes were smal ler  t han  the  d i f f e r e n c e  between them as 
a group and t h e  Ph3P complex. The Ph3P l i g a n d  stands o u t  by v i r t u e  o f  i t s  increased 3- 

backbonding a b i l i t y  which weakens t h e  CO coordinat,ion t o  the  rhodiun. A lso ,  Ph3P i s  a 
s t e r i c a l l y  more demanding l i g a n d  than Ph PCH2CH2R Roth p r o p e r t i e s  increase 
the r e a c t i v i t y  o f  t h e  Ph3P-Rh complex cata5yst  system. 

The ef fect  on c a t a l y s i s  o f  t he  s t e r i c  crowding o f  a l ky ld ipheny l  phosphine 
l i gands  by methyl s u b s t i t u t i o n  on t h e  a- o r  6-carbon atoms o f  t h e i r  a l k y l  group was 
also s tud ied.  The comparative experiments were c a r r i e d  out  us ing  two d i f f e r e n t  l i gand  
concentrat ions a t  145'. The r e s u l t s  a r e  shown by Table V I .  

Compared t o  s t r a i g h t  chain and y-methyl s u b s t i t u t e d  alkyldiphenylphosphines, 
t h e  a- and &methyl s u b s t i t u t e d  d e r i v a t i v e s  l e d  t o  increased hydroformyl a t i o n  r a t e s  but 
reduced s e l e c t i v i t i e s .  The r a t e  i nc reas ing  e f f e c t  was observed a t  t h e  h ighe r  phosphine 
l i gand  concen t ra t i on  o f  1M. The s e l e c t i v i t i e s  were decreased i n  terms o f  l one r  n / i  
r a t i o s  o f  aldehyde products and increased i somer i za t i on  s ide-react ions t o  2-butenes. 
The i somer i za t i on  was p a r t i c u l a r l y  increased a t  t he  low l i g a n d  concentrat ion o f  0.14 
M. A t  an extreme, t h i s  r e s u l t e d  i n  a reduced r e a c t i o n  r a t e  s ince  2-butenes are much 
l e s s  r e a c t i v e  than  1-butene. The e f f e c t  o f  s t e r i c  crowding was f u r t h e r  increased when 
t h e  a, a- and 8, 8-dimethyl s u b s t i t u t e d  a lky ld iphenylphosphines were used i n  p lace o f  
t h e  monomethyl s u b s t i t u t e d  l igands.  

The increased r e a c t i v i t y  o f  branched a l ky ld ipheny l  phosphine rhodiwn complexes 
i s  a t t r i b u t e d  t o  the  accelerated d i s s o c i a t i o n  v ia  s t e r i c  decompression o f  t r i s -  
phosphine rhodiwn carbonyl hyd r ide  complexes t o  p rov ide  r e a c t i v e  species. The reduced 
n / i  r a t i o  o f  t he  products i s  due t o  the  increase o f  rhodium d icarbonyl  hyd r ide  c a t a l y s t  
complexes. The increased i somer i za t i on  t o  2-butenes i s  apparent ly  a consequence o f  t he  
r e v e r s i b i l i t y  o f  reac t i ons  forming t h e  secondary b u t y l  rhodium complex in termediate.  

l igands.  

CON UUS IONS 

The present c o r r e l a t i o n  o f  t h e  s t r u c t u r e  o f  t-phosphine rhod iun  carbonyl 
hyd r ide  complexes w i t h  h igh  temperature hydroformylat ion c a t a l y s i s  data leads t o  the  
extension o f  our p rev ious l y  proposed rhodium hydroformylat ion mechanisms t o  
a lky ld iphenylphosphine l i g a n d  based ca ta l ys ts .  I n  view o f  t h e i r  increased s t a b i l i t y ,  
a1 kyldiphenylphosphines are now recognized as rhod i  urn complex c a t a l y s t  1 igands poten- 
t i a l l y  super ior  t o  the  commercial ly w ide l y  used tr iphenylphosphine. 

A l ky ld ipheny l  phosphines fo rm remarkably s t a b l e  t r i s -phosph ine  rhodium 
carbonyl hyd r ide  complexes of t he  formula (Ph2PCH CH2R')3Rh(CO)H. These a c t  as a 
p re fe r red  r e v e r s i b l e  r e s e r v o i r  f o r  t h e  genera$ion o f  t h e  h i g h l y  r e a c t i v e ,  
c o o r d i n a t i v e l y  unsaturated trans-bis-phosphine carbonyl hyd r ide  i n te rmed ia tes  o f  l - n -  
o l e f i n  hydroformylat ion t o  prov ide most ly  n-aldehyde products. I n  accord w i t h  t h e  
complex e q u i l i b r i a  found among v a r i o u s l y  carbonyl a ted rhodiun complex c a t a l y s t  
precursors, t h e  s t a b i l i t y  and s e l e c t i v i t y  o f  such c a t a l y s t  systems d i r e c t l y  depends on 
t h e  excess phosphine l i g a n d  concentrat ion. It i s  i n v e r s e l y  r e l a t e d  t o  t h e  p a r t i a l  
pressure of t he  CO reactant .  manges i n  t h e  R '  group o f  such l i gands  d i d  no t  r e s u l t  i n  
any profound change o f  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e i r  rhodiun complexes although 
they  caused wide v a r i a t i o n s  i n  t h e i r  p ro ton  b a s i c i t i e s .  

In con t ras t  branched a l k y l  diphenyl phosphines having 8- o r  a- a l k y l  
subs t i t uen ts  e.g. 

Ph2PCH2CH( CH3)2 Ph2PCH(CH3)CH2CH3 Ph2PCH2C( CH3)3 Ph2PC( CH3)3 

form r h o d i m  carbonyl hydr ide complexes o f  w ide l y  d i f f e r i n g  s t a b i l i t i e s .  These 
complexes i n  t u r n  e x h i b i t  a broad range o f  c a t a l y s t  behavior. Tris-phosphine r h o d i m  
carbonyl hydr ide complexes o f  these l i gands  are the rma l l y  unstable due t o  s t e r i c  
crowding. This f a c i l i t a t e s  t h e  generat ion o f  r e a c t i v e  species. Under CO pressure, 
complexes o f  these l i gands  a re  l a r g e l y  converted t o  bis-phosphine rhodium d i ca rbony l  
hyd r i de, (P h2PR ) 2R h ( CO ) 2H, i n t e rmed i a t  es o f  n on se l  e c t  i ve hyd r o f  o rmy 1 a t  i on. 
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Thus profound e l e c t r o n i c  d i f f e r e n c e s  between s t e r i c a l l y  noncrowded 
alkyldiphenylphosphine and t r iphenylphosphine r h o d i m  carbonyl hydr ide complexes 
resu l ted  i n  two types of c a t a l y s t  systems having d i s t i n c t  proper t ies.  In con t ras t ,  
small changes i n  the  e l e c t r o n i c  character  o f  a lky ld iphenylphosphine complexes d i d  n o t  
cause s i g n i f i c a n t  changes i n  ca ta l ys i s .  However, small changes i n  t h e  s t e r i c  
requirements o f  a- and 8- branched a l ky ld ia ry lphosph ines  produced tremendous changes i n  
the  c a t a l y t i c  behavior o f  t h e i r  r h o d i m  complexes. Moderate s t e r i c  crowding of  such 
complexes may r e s u l t  i n  h i g h l y  des i red c a t a l y s t  p roper t i es .  However, such s t e r i c  
e f fec ts  on c a t a l y s i s  a r e  d i f f i c u l t  t o  p red ic t .  
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Figure 1 

SCHEME OF CONTINUOUS HYDROFORMYLATION UNIT WITH 
CONTINUOUS PRODUCT FLASH-OFF 
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Figure 2 

CATALYTIC INTERMEDIATES IN PHOSPHINE RHODIUM 
COMPLEX CATALYZED HYDROFORMYLATION OF 1-BUTENE 
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Flgure4 

EFFECT OF TEMPERATURE ON "CO NMR SPECTRUM. PlRh = 9 
CO + (Ph,PbRhHt;[(Ph,~RyCO)Hlt(P4PbRYCO)H + Ph,P 
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EFFECT OF TEMPERATURE ON W O  NHR SPECTRUM: PlRh = 9 
CO + (Ph,p),RyCO)Hr~(Ph,P),),Rh(CObH~~PlhPRh(CObH + Ph,P 
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F lgun 7 

EFFECT OF MODERATE STERIC HINDRANCE 
ON LIGAND DISPLACEMENT AND EXCHANQE 
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Table I 

A HNP'S  o f  Ph PCH CH R LIGANDS AND 31P NMR PARAMETERSa) 
OF THdR (6h26CH2CH2R' )3Rh( CO)H COMPLEXES 

Phosphine 
Phosphine Ligand Complex 

Inverse Chem. Chem. Coupling 
S t ruc tu re  B a s i c i t y Y b )  S h i f t  S h i f t  Constant 

M NP P Pm a,pm Jp-Rh,cps 

Ph2PCH2CH2Si( CH )3  385 -12.2 34.6 150 
Ph2PCH2CH2C( CH 7 41 2 -16.8 27.5 152 
p h 2 p CH 2 CH2 CH2 d 2& CH i:: -16.8 27.5 151 
P h 2P CH2CH2P h -16.6 27.6 153 

P h2P CH2 CH2 - NJ 450 -23.0 21.6 151 

0 

Ph2P CH2CH2 CO2 CH3 455 -17.7 27.9 151 
P h2 P CH2 CH2 SO2 CH3 543 -18.6 27.3 151 

a) 
b,  

A t  35' i n  to luene  so lvent ,  r e l a t i v e  t o  1M phosphor ic acid.  
B a s i c i t y  de terminat ions  were c a r r i e d  o u t  accord ing  t o  t h e  
mod i f ied  method o f  S t r e u l i ( 1 7 )  us ing  p e r c h l o r i c  a c i d  as a 
t i t r a n t  and pure ni t romethane as a solvent.  
za t i on  p o t e n t i a l s  (HNP's) were determined r e l a t i v e  t o  t h e  
va lue  o f  d iphenyl  guanidine. 

H a l f  n e u t r a l i -  
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Table I V  

CONT INUOUS HYDROFORMY LAT ION OF ‘I -BUTENE I N  THE PRODUCT FLASH-OFF MODE 
WITH SEP-Rh AND PhgP-Rh COMPLEX CATALYST SYSTEMS 

TP P - SEP - SEP - SEP - S EP - 
e Temperature, “ C  100 120 120 140 140 

Pressure, kPa 800 1050 1050 1275 1275 
565 675 760 724 775 ;“,a: 69 90 83 138 149 

0 Rhodium Conc. , mW 2.50 2.50 4.44 4.44 4.44 

0 Phosphine Conc., mM 310 600 360 1000 1000 
1-Butene Feed, mo le /h r /L  4.0 4.0 4.0 2.8* 2.8 
Aldehyde Product, mo le /h r /L  1.0 1.0 1.5 1.6 1.6 

0 Cnnversion pe r  Pass, X 26 26 38 56 60 
52** 55** 

Q n t i  S e l e c t i v i t y  X 92 92 91 90 90 
n / i  r a t i o  21 22 21 35 32 
Hydrocarbon Sel e c t  i v i  t y  ,% 7 7 7 8 9 

0 S t r i p p i n g  Gas, mo le /h r /L  35 25 38 24 24 

*Plus 3 mole/hr/L 2-butenes * *Af te r  6 days opera t i on  

TP P - 
140 

1275 
724 
138 

4.44 

1000 
2.8 
2.3 

a2 
65** 

84 
29 
14 

21 
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